Abstract -Although the cadmium chloride treatment is an essential process for high efficiency thin film cadmium telluride photovoltaic devices, the precise mechanisms involved that improve the cadmium telluride layer are not fully understood.
I. INTRODUCTION
The cadmiwn telluride/cadmiwn sulphide photovoltaic system is an important technology, with demonstrated cell efficiencies reaching over 20% [1] . Cadmium telluride has a band gap of 1.45 eV, ideal for photovoltaic conversion. It also has a high absorption coefficient, so that only a thin layer (�2 11m) is required for total absorption. The p-type cadmium telluride and n-type cadmium sulphide can be deposited using a variety of methods, which give different structural and chemical properties. Two techniques which have been studied previously include sputter deposition and close spaced sublimation [2, 3] . For both of these deposition methods we have found that the as-deposited films contained a high density of stacking faults, some of which cause low cell efficiency. Once the cells are exposed to the cadmiwn chloride annealing treatment the majority of stacking defects formed during deposition are removed, and cell performance is found to increase dramatically. Precise tuning of the treatment parameters is needed for the cadmiwn chloride treatment to 978-1-4799-4398-2/14/$31.00 ©2014 IEEE optimize the cell efficiency. Deviation from these optimized parameters can cause a reduction in cell performance. The two important variable parameters of the cadmium chloride treatment are the annealing temperature of the sample and the annealing time of the treatment. This study concentrates on the effect of these two parameters and observing why it is so critical not to over-treat the CdTe layer with increased annealing time or temperature. Comparing the microstructural properties between the optimized treated samples and those over-treated provides a direct insight into the mechanisms involved in the reduced cell efficiency.
II. EXPERIMENTAL

A. Sample Cell Depositions
The thin film CdTe cells were deposited in a superstrate configuration using close-spaced sublimation on NSG Pilkington TECI0 fluorine doped tin oxide (FTO) coated on 3 mm soda lime glass. A thin layer of cadmium sulphide was deposited onto the transparent conducting oxide at a thickness of � 150 nm.
The cadmium telluride was deposited to a thickness of 2.2 11m. All the films were deposited in an all in one vacuum process, the substrate was passed though different chambers at 40 mTorr, held a few millimeters above graphite boats. The boats were heated to 650°C with the different materials, which then sublimed onto the inverted substrate [4] .
B. Benchmark Cells
The treatment was carried out in vacuum following the CdTe layer deposition. Cadmium chloride was sublimated to a thickness of 311m, and then the sample was heated to 400°C in a 2% oxygen atmosphere, causing the cadmium chloride layer to evaporate off, this was followed by a copper doping process by sublimating CuCI onto the CdTe layer [5] . The efficiency of this cell was measured to be 13%. The circular, small area devices of � 1 cmz area were then finished by applying a graphite paste back contact. The second cell was deposited using the same conditions but no cadmium chloride treatment was carried out; effectively it was an untreated cell. The efficiency of this cell was measured to be less than 1 %.
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C.
Variation of Annealing Time and Temperature
The benchmark or 'process of reference' conditions for the cadmiwn chloride treatment uses an annealing temperature of 400°C for 2 minutes to yield an efficiency of 13%.
To study the effects of over-treating the cell by varying the anneal temperature; cells were annealed above the optimwn temperature to 429°C. The efficiency of this cell reduced and was measured to be less than 9%. Samples were also treated at an annealing temperature of 411°C.
The time of the cadmium chloride annealing treatment was also varied from 120 seconds which has been found to be the optimum time. The annealing time was increase from 120 seconds to 600 seconds; this caused a drop in cell efficiency to less than 5%. A 300 seconds anneal time was also 
A. Benchmark Samples
The two benchmark samples were characterized for comparison: one underwent the previously optimized post deposition annealing cadmium chloride treatment and the other sample was untreated after the CdTe deposition.
The untreated cell, shown in the BF-STEM image in Figure   shows the CdTe grain morphology with smaller grains nucleating adjacent to the CdS layer. Some CdTe grains also appear highly faulted; the grains which appear apparently defect free are far off the major zone axis, obscuring the appearance of the defects.
The chemical distribution maps in figure 1 of the untreated CdTe cell shows no diffusion of sulphur into the CdTe layer from the CdS and no telluriwn diffusion into the CdS. and cell efficiency varying with annealing treatment time Figure 8 shows the large chlorine rich region displacing some of the CdS layer observed in Figure 6 . In this region two CdTe grain boundaries terminate above the region, which both show chlorine segregation. The sulphur map shows that its diffusion into the CdTe layer is non-homogenous and appears to diffuse into some CdTe grains in preference to others. The cadmium map shows areas of high cadmium concentration in the region.
lit;t;ing The annealing temperature also has a marked effect on the diffusion of chlorine to the CdS interface. as shown in Figure   10 . The sample over-treated at 429°C results in a high chlorine concentration at the CdS interface. The relationship between annealing temperature, chlorine concentration and cell efficiency is shown in figure 11 . Although over-treatment improves the microstructure of the CdTe layer, the increased concentration of chlorine at the CdS interface appears to damage the heterojunction. 
